Pathways of Mycobacterium africanum relative to Mycobacterium tuberculosis and suggests an 3 adaptation to low oxygen tension 4 5 Summary: 27 The geographically restricted M. africanum lineages (MAF) are primarily found in West Africa, where 28 they account for a significant proportion of tuberculosis. Despite this phenomenon, little is known 29 about the co-evolution of these ancient lineages with West Africans. MAF and M. tuberculosis sensu 30 stricto lineages (MTB) differ in their clinical, in vitro and in vivo characteristics for reasons not fully 31 understood. Therefore, we compared genomes of 289 MAF and 205 MTB clinical isolates from the 32 6 main human-adapted M. tuberculosis complex lineages, for mutations in their Electron Transport 33 Chain and Central Carbon Metabolic pathway in an attempt to explain these metabolic differences. 34 Furthermore, we determined, in silico, whether each mutation could affect the function of genes 35 encoding enzymes in these pathways. 36 We found more potentially deleterious mutations in these pathways in MAF lineages compared to 37 MTB lineages. Additionally, we found that convergent evolution in these pathways occurred 38 between MAF and some MTB lineages. 39 Generally, our findings show further differences between MAF and MTB lineages that may have 40 contributed to the MAF clinical-and growth phenotype and may indicate potential adaptation of 41 MAF lineages to a distinct ecological niche, that we suggest may include areas characterized by low 42 oxygen tension. 43 44 Running title: The M. africanum respiratory chain and carbon metabolic pathway 45 46 Transport, Carbon Metabolism 48 49 50 51 3 1 Introduction 52 The Mycobacterium tuberculosis complex (MTBC) consists of a group of human-adapted ecotypes-53 Mycobacterium tuberculosis sensu stricto, Mycobacterium africanum, Mycobacterium canetti and 54 animal-adapted ecotypes (1-4). There are seven known MTBC lineages (L) associated with particular 55 geographic regions and adapted to specific human populations. These are the five lineages that 56 make up M. tuberculosis sensu stricto (lineages 1-4 and lineage 7) and the two M. africanum lineages 57 (lineages 5 and 6). Africa uniquely has a representation of all seven lineages. 58 MTBC strains from the seven lineages differ on average by about 1200 single nucleotide 59 polymorphisms (5), with clear distinction between MAF and MTB lineages (6-8). 60 MTB Lineages 2 and 4 are more widespread geographically, more pathogenic and more 61 transmissible, while MAF Lineages are exclusively found in West Africa and less transmissible (5, 9, 62 10). Clinically, MTB L4 is relatively more virulent than MAF L6 as evidenced by significantly faster 63 progression, in contacts of infectious cases, to active disease (11). MAF lineages are associated with 64 extrapulmonary disease and MAF L6 more commonly causes disease in immunocompromised 65 persons and those with lower Body Mass Index, implying a more opportunistic pathogen (10, 12). 66 Furthermore, MAF L5 and L6 grow markedly slower than MTB and prefer microaerobic growth 67 conditions (13-15). Reasons for these differences are not completely known, although ours and 68 other's previous studies have attempted to explain some of the observations. A study documented 69 non-synonymous SNPs or frameshift mutations in some genes associated with growth attenuation 70 in MAF and higher mutation frequency in genes necessary for transport of sulphur, ions and 71 lipids/fatty acids across the cell membrane (14). Another reported under-expression of, and MAF L6 72 specific mutations in, dormancy regulon genes, a network of genes crucial for the survival of MTB 73 during hypoxia or anaerobiosis (15, 16). 74 Genes that encode proteins involved in nutrient metabolism and respiration, which are closely 75 linked and together govern bacterial growth and survival, and those of unknown function, the 76 conserved hypotheticals, are highest among the 4173 MTB H37Rv genes reported, emphasizing the 77 importance of the nutrient metabolic and respiratory pathways (17). 78 As obligate aerobes, the mycobacteria respire and produce energy from varied nutritional or energy 79 sources, such as carbon sources (18, 19). These enable the bacteria even to maintain metabolism 80 without growth. The nutritional demands of the mycobacteria have been a topic of interest for over 81 4 100 years. Pioneering work throughout the 20th century elegantly showed that mycobacteria had 82 unique nutritional requirements (20)(21)(22)(23)(24)(25)(26)(27)(28)(29). Central to these findings was that different members of 83 the MTBC were supported by different nutritional sources and consistent results of multiple 84 phenotypic studies led to differentiating members of the MTBC based on their nutritional 85 requirements (20, 30). For instance, it was observed that MTB showed eugonic growth on glycerol, 86 while colonies of MAF and M. bovis were dysgonic, indicating an inability to properly utilize this 87 carbon source. MAF and M. bovis were only able to show luxurious growth in the presence of sodium 88 pyruvate (20, 30). Furthermore, MAF was found to grow small umbilicated colonies, which on 89 paraffin embedded thin sections revealed extension deep into the media, rather than the surface 90 (31). 91 Almost all the energy used by the bacteria is derived from the Central Carbon Metabolic Pathway 92 (32). After nutrients are metabolized through this pathway, reducing equivalents are generated that 93 eventually enter into the Electron Transport Chain for the generation of significant amounts of 94 Adenosine Triphosphate (ATP) (18, 33). 95 Mycobacteria generate ATP via substrate level phosphorylation and oxidative phosphorylation, 96 which produces more ATP through the activity of the F1-F0 ATP synthase in the Electron Transport 97
the disruption of sugar catabolism (35). This mutation was also found in 3 MAF strains tested in the 115 same analysis. Additionally, the authors showed that a frameshift at codon 191 of the glpK gene of 116 the same M. bovis strain led to an incomplete coding sequence and the inability to use glycerol, 117 although this glpK mutation was not present in all M. bovis strains. 118 Therefore, we aimed to investigate the genes involved in central carbon metabolism and respiration 119 in the MTB and MAF lineages using a whole genome sequencing approach coupled with comparative 120 genomics. We find important differences between the MAF and MTB lineages in their energy and 121 nutrient metabolic pathways that likely contributed to the phenotypic differences observed 122 between these lineages. 169 We used Snippy version 3.1 for the analysis of genomes. Briefly, paired-end raw reads of each 170 sample were mapped to the M. tuberculosis H37Rv reference genome (GenBank accession number: Given that generalists and specialists differ in the vastness of their ecological niches, we compared 196 the specialist MAF lineages (289 strains) to the generalist MTB lineages (205 strains) for genomic 197 differences in their Electron Transport and Carbon metabolic pathways. We found a large number 198 of potentially deleterious mutations, particularly in MAF lineages ( Figure 2 and Figure 4 ), however, 199 we also observed that convergent evolution in these pathways occurred between some MTB and We found mutations in major genes encoding enzymes in these pathways that together drive central 226 carbon metabolism. MAF lineages had predicted deleterious mutations in eno, pykA, mdh, pca and 227 icl2a (Figure 2, Figure 6 , Table 1 and Supplementary File S1). For MTB lineages, mutations were 228 detected in pgi, pfkB, pca, icd2, icl2a and pckA (Figure 3, Figure 7 , Table 1 and Supplementary File   229   S2 ). In MTB, predicted deleterious mutations were mostly found in L3. . We also confirm this mutation in the MAF strains we analyzed in our study ( Figure   241 2). However, to the best of our knowledge this is the first report on lineage-specific potentially 242 deleterious mutations in the essential gene eno, in MAF L6. eno is found on the surface of many 243 pathogenic bacteria and beyond its primary role in glycolysis, aids in tissue remodeling and invasion 244 of host cells (68). This gene was recently reported as a novel target for the 2-aminothiazoles of the 245 aminothiazole (AT) series, that exerted its effect by inhibiting eno in MTB H37Rv (L4 strain) and 246 interfering with energy metabolism, glucose metabolism, ATP homeostasis and the metabolism of 247 cell wall precursors. Therefore, the potentially deleterious mutations we detected in eno in our 248 analysis of all MAF L6 may affect energy metabolism and potentially contributes to the metabolic 249 block at the level of pyruvate biosynthesis, reducing the fitness of this lineage further. 250 Unlike we found for MAF lineages, MTB lineages, notably, had no deleterious mutations in eno and 251 pykA (Figure 7) , implying a general ability to complete glycolysis, however, mutations were detected 252 in Glucose-6-phosphate isomerase (pgi) in L4 LAM and in Phosphofructokinase B (pfkB) in MTB L3, 253 at the second and third steps of glycolysis respectively, where Glucose-6-phosphate is converted to 254 Fructose-6-phosphate and subsequently to Fructose-1-6-biphosphate ( Figure 7) . pgi is essential for 255 the in vitro growth of M. tuberculosis, and M. smegmatis pgi mutants are glucose auxotrophs. affect growth in these lineages, however, it is reported that the activity of ICD2 is lower than that 296 of ICD1, and ICD2 does not play a significant role in the glyoxylate pathway (79). Yet, interestingly, 297 we did not detect this frameshift in MTB L4 Cameroon and LAM ( Figure 4 ). 298 As stated earlier, in section 3. in MTB lineages/sublineages where we found more potentially deleterious mutations, particularly 346 in MTB L3, further investigations on the effect of these mutations on energy metabolism need to be 347 13 carried out, because, slower growth of these lineages may be directly linked to impaired energy 348 metabolism (83, 84). Table 2 and Supplementary File S3). Interestingly, for some MTB lineages, predicted deleterious 361 mutations were also found in ndhA, Rv0249c, frdB, atpD, and nuoDHF ( Figure 5 , Table 2 be deleterious for function of the enzyme (Table 2 ). This implies that the function of ndh is likely 378 conserved across the MTBC lineages. Clofazimine, the anti-leprosy drug (prodrug), repurposed for 379 the treatment of TB, is activated to exert its killing effect through its reduction by the essential NDH-380 2, leading to the release of Reactive Oxygen Species (ROS) following reoxidation by oxygen (55, 86). 381 At the second stage of electron transport, electrons are transferred from NADH dehydrogenase 382 (nuoA-N, NDH-1) to the essential complex, Succinate dehydrogenase 1 (Rv0247c-Rv0249c, SDH-1) 383 during aerobic respiration when oxygen and nutrients are abundant or from NDH-2 (ndh/ndhA) to impairs aerobic respiration and growth in this lineage severely, given that qcrC, like qcrB, is essential 412 for survival (89).
413
M. smegmatis strains that had mutations in the bc1-aa3 complex were significantly growth 414 impaired, confirming the essentiality of the bc1-aa3 respiratory pathway for mycobacterial growth. 415 Taken together, our analysis provides further support for the view that MAF is adapted to a distinct 416 niche, less dependent on aerobic respiration and more adapted to a microaerobic lifestyle (15). 417 Furthermore, mutations in bc1-aa3 complex genes likely contribute to the slow growth phenotype 418 of the MAF lineages. Reasons for this potential niche adaptation and the benefit to the pathogen in 419 its interaction with its host should be investigated further. narGHJI) can serve as terminal electron acceptors to maintain the membrane potential. Therefore, 439 these enzymes are critical. Moreover, further studies of sdh suggested that FRD could partially 440 compensate for a lack of SDH activity (98). Defects in any of the subunits of frd could limit the overall 441 function of the FRD complex. Notably, the attenuated strain H37Ra grown under low-oxygen 442 conditions showed a lag in gene expression of frdA and frdB (80). The mutations we found in frdA 443 and frdB in MAF L5 may be related to the adaptation of this lineage to a hypoxic or microaerophilic 444 lifestyle. Therefore, the effect of mutations on gene function in MAF L5 and MTB L4 sublineage, 445 Haarlem, should be determined experimentally. 446 Other key dehydrogenases that contribute to redox balance of NADH for initiation of electron 447 transport were also mutated in the MAF lineages ( Figure 4 
Additional Mutations in the Electron Transport Chain

465
Like we did for the Central Carbon Metabolic Pathway, we report on other mutated genes, cydB and 466 narG, in the Electron Transport that are noteworthy, given their significance in respiration and the 467 fact that their provean scores were only slightly above the cut off score indicating potentially 468 deleterious mutations (Supplementary File S5). 469 cydB was mutated in all L6 and narG in all L5 (Figure 4 Africa and Australia lack cytochrome bd and rely solely on the bc1-aa3 complex during respiration. 483 Therefore, Q203 was found to be bactericidal against M. ulcerans (106). It is very possible that MAF 484 L6 will be comparatively more susceptible to Q203 than MTB, given that the cytochrome bd rescue 485 is also mutated in MAF L6. Indeed, MAF lineages may be generally more susceptible to respiratory 486 inhibitors. 487 488
3.3
The case of convergence in electron transport and central metabolism pathways 489 For multiple genes in the Electron Transport Chain and the Central Carbon Metabolic pathway, we 490 observed convergent evolution within the MTBC. In some cases, the same mutation was shared 491 between lineages in the same gene and in other cases different mutations occurred. These 492 mutations may confer a selective advantage and/or contribute to adaptation. In the Central Carbon 493 Metabolic Pathway, we found a high level of convergence (Table 1) . 494 In the glycolytic pathway, we detected the same mutations in ppgk at the first stage of glycolysis 495 where glucose is converted to Glucose-6-phosphate, in all MTB and MAF lineages ( (Table 1) . However, MTB Cameroon and LAM may have evolved to retain an intact copy 504 of icl2a, because no frameshift was detected in these lineages. 505 Only those mutations detected in pca in MTB L3 and MAF L5 and those detected in icl2a were 506 predicted to be deleterious. 507 In the Electron Transport Chain, the same mutations were found in gpdA2, frdC and nuoG in all MTB 508 and MAF lineages and in nuoI in MTB L3 and all MAF lineages. In MTB L1, MTB L3 and MAF L5, we 509 found mutations in ndhA and in MTB L4 LAM and a clade of MAF L6, in sdhA. In all lineages, we 510 detected the same mutation in sdhD.
511
Of these mutations, only those found in ndhA were predicted to be deleterious. 512 Overall, more convergence occurred between MTB L1, MTB L3 and the MAF lineages. H37Rv (15, 117) , and include the mutations 573 we detected in MAF lineages in the present study ( Figure 6, Figure 8 and Figure 10 ). We suspect that 574 the potentially deleterious mutations we report on will produce growth phenotypes (Table 3) . 575 Therefore, we propose functional genomic assays involving insertion/deletion mutagenesis understanding metabolism in these bacteria is essential. As far as we know, energy metabolism, 598 including oxidative phosphorylation in MAF has not been investigated and the efficiency of the 599 Electron Transport Chain and the effectiveness of electron transport in the MAF lineages has not 600 been established yet, even though it is known that MAF lineages grow significantly slower than 601 MTB (14) and preferentially grow microaerobically (15). We hypothesize that MAF lineages 602 generate less ATP and are more exposed to ROS than MTB lineages (Table 3) . Therefore, we 603 propose studies to investigate energy metabolism in MAF lineages relative to the MTB lineages, 604 including whether MAF lineages are more exposed to ROS during growth. 
